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• — (57) Abstract: An optical communications system uses forward error correction (FEC) to correct errors in signals carried by the 
£2 system. Optical signals on the system are dropped at nodes and converted to electrical signals by avalanche photodiodes (APDs) at the 

node receivers. A FEC chip operates on the electrical signal to correct errors. The error rate is used to control the APD bias voltage 
^ which affects signal noise and therefore, error rate. The errors in a predetermined interval are counted and a determination made as 

to whether the error rate is rising with time. The bias voltage is derived from the value of a counter whose count is incremented each 

interval. If the error rate is rising, the counting direction is changed. 
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CONTROL OF AVALANCHE PHOTODXODES BIAS VOLTAGE 

This invention relates to the control of avalanche 
photodiodes (APDs) . It is particularly concerned with 
5 the control of APDs in optical communications circuits. 

APDs are widely used in optical communications to 
convert optical data into an electrical signal. 
Fluctuations in the received optical signal are converted 
into sympathetic fluctuations in the electric signal 
10 passing through the APD device. 

In optical communications systems as in any 
communications system, noise is a significant factor 
which affects performance. An optical signal arriving at 
an APD may have passed through many kilometres of optical 
is fibre and through several associated optical amplifiers. 

It will, therefore, have collected noise. In addition to 
the incoming noise component, the APD itself generates 
electrical noise which constitutes to the overall noise 
in the signal output by the APD. The noise generated by 
20 the APD is superimposed on the electrical current 
fluctuations in the device generated by the incoming 
optical signal. 

APDs are biased by a reverse voltage in order to 
function properly. The reverse, or bias, voltage is a 
25 supply whose negative terminal is connected to the APD 
anode and whose positive terminal is connected to the 
cathode. The bias causes a small leakage current to flow 
in the device when no light is incident. The current 
flowing increases with increasing incident light 
30 intensity. It is important for good performance of APDs 
" to choose the optimum bias voltage. 

Choosing the optimum bias voltage is difficult. Jt 
vaiici between devices, not only between manufacturers 
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but also within a particular batch. Thus, the bias has 
to be set up accurately when the device is first 
manufactured. Moreover, the optimum bias value varies 
with temperature. The bias circuit must therefore 
5 monitor local temperature and adjust the bias voltage 
accordingly. 

To obtain good results over the working temperature 
range, it is necessary to set up the temperature 
coefficient of the correction circuit at the time of 
10 manufacture. 

A further problem arises in that APD characteristics 
change slightly with age. This can result in the non- 
optimum bias voltage being applied. 

Some existing APD bias circuits vary the bias 
is voltage in accordance with the incoming signal strength. 
However, the improvement in performance offered tends to 
be small. 

The problems of bias voltage control are better 
appreciated by considering the nature of photodiodes. In 

20 conventional, non-avalanche, photodiodes, incident light 
photons are absorbed by the light sensitive part of the 
device. For each photon absorption, there is a 

reasonable chance that a nearby electron will receive 
some or all that energy. If a suitable electron receives 

25 sufficient energy, it may free itself from its silicon 
atom and become a mobile charge carrier which can travel 
from atom to atom through the crystal structure of the 
device. On application of an electric field to the 
device, the charge carrier will travel towards the 

30 positive terminal of the diode where it will be absorbed, 
giving up its charge to the external circuit and 
resulting in an impulse of current. If the 

photosensitive part of the device is exposed to steady 
illumination there will be a continuous stream of charge 
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carriers and, therefore, an electric current in the 
external device. 

The photosensitivity of the device is created by 
application of an internal electric field, requiring a 
5 voltage to be applied across the diode terminals. As 
devices are used to convert incident light into 
electrical current, the voltage bias on the diode must be 
in the non-conducting, or reverse, direction so that the 
current generated is only due to the incident light. 

10 In avalanche photodiodes, the active region is thin 

and the bias voltage particularly high, creating a 
significantly high electric field strength within the 
device. Charge carriers produced by incident photons 
accelerate rapidly towards the positive terminal, gaining 

is energy. If they collide with another atom, they may have 
gained sufficient energy to liberate two or more 
electrons. Those newly liberated electrons become charge 
carriers and accelerate towards the anode. Each electron 
may, in turn, collide with other atoms and liberate two 

20 or more further carriers thus providing an avalanche of 
charge carriers and amplifying the effect of the incident 
photon. 

The number of charge carriers liberated by a photon 
is referred to as the gain M of the APD. If one 
25 considers a photon which liberates a single carrier, that 
carrier accelerates and liberates two further carriers. 
Each of those accelerate and liberate two further 
carriers, making a total of four. If there are 10 such 
collisions before reaching the anode, 1024 electrons will 
30 give off their charge to the external circuit and so the 
APD gain, or multiplication factor exhibited is 1024. 

The gain is dependent on both the bias voltage and 
.temperature and is highly non-linear as can be seen from 
figure 1 which plots gain against bias voltage for a 
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device operated at: three temperatures, 25°C, 50°C and 
75°C. The gain axis is logarithmic. 

It will be appreciated that the avalanche process 
described is statistical in nature and gives rise to 
5 various high frequency noise sources within the device. 
Noise generation is particularly sensitive to the value 
of M and hence to the bias voltage and temperature. 

If one considers a system with a fibre optic 
transport mechanism such as a fibre-optic cable, an APD 
10 device and a low-noise high frequency amplifier , the 
amplifier is referred to as a trans impedance amplifier as 
it converts current fluctuations into a voltage signal. 
It can be shown that optimum performance is achieved when 

N T = N F + N A 

15 where N x is the noise contribution due to the 

transimpedance amplifier, N F is the noise contribution due 
to the optical fibre and N A is the noise contribution due 
to the APD device. All the figures should refer to the 
same position in the system, that is the amplifier 

20 output. N T is constant, N f depends on the incoming 
optical signal and is therefore outside the control of 
the optical receiver. It therefore follows that optimum 
performance can only be achieved by adjusting N A which, 
in turn, is achieved by adjusting the bias voltage on the 

25 APD device . 

Bearing in mind the importance of bias control in 
APD devices, and the problems and difficulties in 
achieving optimum control of bias voltage there is a need 
for improved APD bias voltage control. The present 

30 invention aims to address that need and the problems and 
difficulties discussed above. 

.The invention resides in the use of measured error 
-rates in the signal to set the bias voltage using a 
feedback loop. 
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More specifically there is provided a method of 
controlling the bias voltage of an avalanche photodiode 
in an optical communications system including forward 
error correction, the method comprising measuring the 
5 error rate in a electrical signal converted from an 
optical signal by the avalanche photodiode, and adjusting 
the bias voltage applied to the avalanche photodiode to 
minimise the error rate in the electrical signal. 

The invention also provides apparatus for 
10 controlling the bias voltage of an avalanche photodiode 
(APD) in an optical communications system including 
forward error correction (FEC), comprising an error rate 
measurer for measuring the error rate in an electrical 
signal converted from an optical signal by the APD, and 
15 an adjustment circuit for adjusting the bias voltage 
applied to the APD to minimise the measured error rate. 

Embodiments of the invention have the advantage that 
the APD bias voltage can be optimised or near optimised 
under normal operating conditions. It removes the need 
20 to set up the APD voltage accurately during manufacture 
and removes the need for a highly accurate and 
temperature compensated APD voltage supply. 

Preferably the error rate is measured over a number 
of sample periods and a determination made as whether the 
25 error rate is increasing or decreasing with time. By 
making this determination over several sample periods, 
short term fluctuations in the error rate do not affect 
the bias voltage setting. 

Preferably the bias voltage is set by the value of 
30 a counter which is incremented every sample period. If 
the error rate is increasing, the counting direction is 
changed. In this way, the count tends to the optimum 
valve of the bias voltage. The counter is preferably 
initially set to a mid point. 
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Preferably, the sample interval is variable. This 
may be in accordance with the measured error rate whereby 
the bias voltage is changed rapidly when it is a long way 
from the optimum value and more slowly as it approaches 
5 the optimum value. 

A preferred embodiment of invention comprises a 
pulse counter which counts errors detected by the forward 
error corrector over a time interval set by a gating 
clock. At each new interval , the existing pulse count is 
10 switched to a store and the pulse count starts again. 
After a number of counts have been stored/ for example 6, 
decision logic determines whether the error rate is 
increasing or decreasing using an algorithm. An up down 
counter is set at a mid-point and determines the value of 
is the bias voltage. The count is incremented or 

decremented each time interval. If the error rate is 
determined to be increasing, the count direction is 
changed. If the error rate is decreasing the count 
direction is unchanged. The output of the counter is 
20 converted to an analog signal by a D to A converter and 
forms the bias voltage which is applied to the APD. 

Embodiments of the invention will now be described, 
by way of example only, and with reference to the 
accompanying drawings in which: 
25 Figure 1, referred to above, is a graph of gain 

against bias voltage for an APD operating at three 
temperatures ; 

Figure 2 is a schematic representation of a portion 
of an optical communications network showing the use of 
30 APDs and forward error correction; 

Figure 3 is a block diagram of a system embodying 
invention; and 

Figure 4 is a flow chart showing how bias voltage 
can be optimised. 
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Figure 2 shows, schematically/ the drop side of a 
node of an optical network, for example a two fibre 10GHz 
optical network which carries a 32 channel DWDM (Dense 
Wave Division Multiplex) signal. The optical DWDM signal 

5 is split from the network by a signal splitter 12 to 
produce a dropped signal output 14. The other output of 
the splitter is through traffic, labelled T, which 
remains on the network. The dropped signal is passed to 
a 32:1 splitter 16 which splits the signal into 32 

10 separate signals. The remaining circuitry shown applies 
to one of the outputs only, although, in practice, it is 
repeated for each channel. 

The output from signal splitter 16 is input to a 
tuneable filter 20. The filter is an essentially 

15 mechanical component whose centre frequency is controlled 
by a servo motor. 

The output of the filter 18 is a single channel 
optical signal which is input to a receiver 22 which 
includes an APD 23 which converts the optical signal into 

20 an electrical signal which is then output for further 
processing and, eventually, delivered to the end user. 

A part of the further processing is error 
correction. It is well known in optical communications 
networks to use forward error correction as a means of 

25 correcting data errors. A degree of redundant coding is 
introduced into the data stream according to one of a 
number of coding algorithms. One such algorithm is the 
Reed-Solomon algorithm which is a block based error 
correction code which encodes an array of K data symbols 

30 as an input and returns an array of N symbols. Operating 
in a 10GHz environment, a Reed-Solomon encoder will 
convert a 9.9 Gbps symbol stream into a 10.7 Gbps stream. 

The electrical output from the receiver 22 is passed 
to a Forward Error Correction (FEC) chip 24 which 

3.^ 'j f ;mpri5cs t:wc main parts. a decoder 2 6 decodes the 
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electrical data symbols and a corrector 28, which 
operates under the control of correction data from the 
decoder 26, corrects the decoded data. The corrected 
data is then output to its intended destination. 
5 FEC has the advantage of being transparent to the 

end user. We have appreciated that if the error rate in 
the symbol stream varies, provided that error rate is not 
excessive, the errors will be corrected and the end user 
will be unaware of the fluctuations in the error rate. 

10 We have further appreciated that changes in the error 
rate can be monitored to find the optimum bias voltage 
for the APD 23. 

Thus, in figure 2, error pulses 29 from the decoder 
provide an input to a control unit 30 which outputs a 

15 signal which, after conversion by a digital-to-analog 
convertor DAC 32 provides the bias voltage V b to the 
avalanche photodiode 23. 

Figure 3 shows the controller 30 of figure 2 in more 
detail. The error pules received from the FEC chip 

20 correspond to data errors that have been detected and 
will be corrected before being passed on to the end user. 
A gating clock 34 (not shown in figure 2) provides 
periodic ticks which determine the points in time when 
the circuiting reevaluates its internal calculation. 

25 The error pulses are first counted by a pulse 

counter 36 between clock ticks. At each clock tick, the 
current counter value is transferred to a history store 
38. The counter 36 is then reset for the next counting 
interval. The store 38 records most recent error counts. 

30 The store may be based on a shift register architecture 
although other architectures are possible. On each clock 
tick it shifts-in the most recent sample from the pulse 
counter and discards the oldest one. Typically, the 
store will retain the six most recent samples although 

35 crher values may be used. 
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Decision logic 40 is used to determine whether the 
error count is increasing or decreasing over time. This 
may be done in any convenient manner although one 
presently preferred method is by an algorithm using six 

5 consecutive samples and simple Gaussian filters for 

« 

samples El, to E6 where El is the most recent. The error 
rate would be increasing, in which case the performance 
is getting worse if: 

Getting worse: (E x + 2E 2 + E 3 ) > (E 4 + 2E 5 = E 6 ) . 

io The result 'getting worse' is a boolean quantity and 

is true or false (1 or 0) . At each clock tick, a true 
value causes a toggle stage 42 to change state, but a 
false value causes the toggle to remain unchanged. The 
toggle stage outputs to an up/down counter 4 4 which is 

15 also clocked by the clock 34 and clocks up or down 
depending on the value of the toggle stage. An 
increasing error rate will therefore cause the counter to 
change direction at each clock tick, whereas a falling or 
consistent error rate will cause it to keep ramping in 

20 the same direction. 

The current count value is connected by DAC 32 into 
the analogue bias voltage V b which in then applied to the 
APD anode. The counter 33 will be set to an initial value 
which provides the bias voltage and is incremented, up or 

25 down, every clock tick in accordance with the toggle 
state . 

The response speed of the control loop is determined 
by the speed of the gating clock 34 and the size of the 
up/down counter 44 for a tick interval to and an N-bit 
30 up/down counter, together with an N-bit D/A converter 32. 
It will take 2 N ~ 1 t seconds to change the APD voltage from 
its mid-point value to an excursion extremity. Thus, an 
8 bi L counter and s* sample range of 60ms will take 6.4 
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seconds to perform the excursion. The purpose of the 
loop is to trim accurately a voltage which depends on 
slow-moving or static parameters, so such a long time 
constant is acceptable. 
5 The pulse counter 36 must be chosen to have a size 

that is large enough to capture sufficient errors under 
the worst possible bit error rate consistent with proper 
system operation. The system may include an error rate 
monitor (not shown) which can identify an excessive error 

10 rate condition. 

Initially, the up/down counter is set to its mid 
point value. This allows equal trimming above and below 
the initial set point. This enables a typical working 
bias voltage to be presented to the APD device. 

15 If a fault condition develops, the error rate may 

increase to a value which is too high to enable the 
system to obtain a realistic performance indication. If 
such a high error rate is detected. The output voltage 
from DAC 32 may be pre-set to the mid-point value. This 

20 may be achieved under the control of the error rate 
monitor. 

Excessive bias or excessive current can damage the 
sensitive and expensive APDs and a controller may be used 
to limit there parameters to safe working values. 

25 Figure 4 shows the process described above as a flow 

chart. At step. 100 an initial bias voltage is set at a 
typical mid point value. This may be obtained from a 
look up table. At step 102, the error pulses from the 
FEC chip are counted by pulse counter 36. At step 104, 

30 on the next tick, the contents of the counter are passed 
to store 38. Steps 102 and 104 are continuously 
repeated. After six counts, the decision logic at 106 
applies the algorithm described above to determine 
whether the error rate is getting worse or not. If it 
is, the tw-ngJe siatw is changed at 108 and tne count 
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direction of the up/down counter 44 is changed- At step 
110, the output of the up/down counter 44 is read, and. 
passed to the DAC for application as the bias control 
voltage to the APD. 
5 In the embodiment described, the APD bias voltage is 

adjusted by a small, trial, voltage at regular intervals 
and the FEC error rate monitored in the previous and 
current samples. A determination is made as to whether 
the error performance is getting better or worse. If it 
10 is getting worse, the polarity of the voltage increment 
is adjusted. 

Embodiments of the invention have the advantage that 
overall system performance can be improved as the APD 
will always be operated with the optimum or near-optimum 
is bias voltage regardless of temperature changes or ageing 
effects. As a consequence, there is no need to set up 
the APD accurately during manufacture or to have a highly 
accurate and temperature compensated APD bias voltage 
supply. 

20 The embodiment described may be modif ied in various 

ways without departing from the scope of the invention. 
For example, a variable tick rate or clock may be used. 
This has the advantage of speeding up the initial 
convergence on the optimum bias voltage whilst improving 

25 the resolution, and so the accuracy, when close to the 
correct optimum bias voltage. A short tick rate can be 
used when error counts are high, rapidly pushing the 
circuit to its final solution. When error rates are low, 
the circuit is accurately nudged to its ultimate 

30 convergence. Multiple rates may be used. 

In one embodiment, clock rates of 10, 20, 40, 80 and 
160 ms may be used. If more than 32 errors are 
constantly encountered in one clock interval, the 
interval, if not already the lowest, is halved. If less 

s$ Irian 8 errors are 'jounced in uhe clock interval, the 
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CLAIMS 

1. A method of controlling the bias voltage of an 
avalanche photodiode in an optical communications system 
including forward error correction, the method comprising 
measuring the error rate in a electrical signal converted 
5 from an optical signal by the avalanche photodiode, and 
adjusting the bias voltage applied to the avalanche 
photodiode to minimise the error rate in the electrical 
signal . 

10 2. A method according to claim 1, wherein the error 

rate is measured over a plurality of sample periods and 
a determination is made of whether or not the error rate 
is increasing or decreasing with time. 

15 3. A method according to claim 2, wherein the bias 

voltage is determined by the value of a counter which is 
incremented or decremented every sample period, 
comprising changing the count direction of the counter if 
the error rate is increasing with time. 

20 

4. A method according to claim 3 comprising inhibiting 
movement of the clock if the error rate is zero. 

5. A method according to claim 2, 3 or 4, wherein the 
25 sample period is determined by a clock tick. 

6. A method according to claim 5, wherein the interval 
between clock ticks is variable. 



30 



7. A method according to claim 6, wherein the interval 
between clock ticks varies in dependence on the measured 
error rate. 
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interval, if not already the highest, is doubled. Other 
values may, of course, be used. 

In a further modification, the up/down counter may 
be inhibited if no errors are counted. This prevents a 
5 constant hunting around the optimum operating bias 
voltage. If error free operation is achieved, the loop 
would freeze and error-free operation would be maintained 
until the external conditions change. 

Various other modifications are possible and will 
10 occur to those skilled in the art without departing from 
the invention which is limited only by the following 
claims . 
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8. A method according to claim 6 to 7 comprising a 
plurality of possible interval lengths, wherein the 
interval selected is increased if the error rate is below 

5 a first level and decreased if the error rate is above a 
second level. 

9. Apparatus for controlling the bias voltage of an 
avalanche photodiode (APD) in an optical communications 

10 system including forward error correction (FEC) , 
comprising an error rate measurer for measuring the error 
rate in an electrical signal converted from an optical 
signal by the APD, and an adjustment circuit for 
adjusting the bias voltage applied to the APD to minimise 

15 the measured error rate. 

10. Apparatus accordingly to claim 9, wherein the 
adjustment circuit comprises decision logic for 
determining whether the error rate is increasing or 

20 decreasing with time. 

11. Apparatus according to claim 10, wherein the 
adjustment circuit comprises a counter, the value of 
which determines the level of the bias voltage, and means 

25 for changing the count direction if the decision logic 
determines that the error rate is increasing. 

12. Apparatus according to claim 11, wherein the means 
for changing the count direction is a toggle. 

30 

13. Apparatus according to claim 11, comprising a 
digital to analog converter for converting the counter 
value to an analog APD bias voltage. 



35 
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14, Apparatus according to any of claims 10 to 13, 
wherein the adjustment circuit comprises an error "pulse 
counter for counting error pulses over a predetermined 
interval, and a store for holding error counts for a 

5 plurality of earlier intervals. 

15. Apparatus according to claim 14, wherein the 
decision logic operates on the error counts held in the 
store . 

10 

16/ Apparatus according to claim 14 or 15, comprising 
means for varying the interval over which error pulses 
are measured. 

15 17. Apparatus according to claim 16, wherein the 

interval changing means varies the interval in dependence 
on the error rate. 

18. Apparatus according to claim 16 or 17, wherein the 
20 interval varying means varies the interval between one of 

a plurality of different interval lengths. 

19. Apparatus according to any of claims 11, comprising 
an inhibitor for inhibiting movement of the counter if 

25 the measured error rate is zero. 



30 



35 



WO 03/079581 



PCT/GB03/01028 



1/3 




30-^ 

Error 
pulses 



Pulse counter 



Gating clock 



36 



Fig.3. 

History store 



34 



38 



i i 2 



Toggle stage 



Up/down count 



Decision logic 



40 



Z 



DAC 



To toggle 
"^stage 



Control 
voltage 



SUBSTITUTE SHEET (RULE 26) 



WO 03/079581 



PCT/GB03/01028 




SUBSTITUTE SHEET (RULE 26) 



WO 03/079581 



PCT/GB03/01028 



3/3 



100- 



Set bias to mid point 



102- 



104-^" 



Fig.4. 



106 



108- 



Count error pulses 



Store error count 



110- 




Yes 




Yes 



No 



Changing toggle state 



Pass up/down 
counter value to DAC 



SUBSTITUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 



Inter »l Application No 

PCT/SB G3/01028 



fp C C^ C Wo7oT CT ^H01L31/107 



According to International Patent Classification (IPC) or to both national classification and IPC 



B. HELPS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 H04B H01L 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and. where practical, search terms used) 

EPO- Internal 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category" 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



US 6 222 660 Bl (TRAA EINAR 0) 

24 April 2001 (2001-04-24) 

column 1, line 5 - line 39 

column 2, line 55 -column 3, line 21 

US 5 953 690 A (FARNES STEVEN L ET AL) 
14 September 1999 (1999-09-14) 
column 1, line 5 -column 3, line 34 
column 20, line 13 -column 22, line 51 

US 6 157 022 A (MAEDA MASAAKI ET AL) 
5 December 2000 (2000-12-05) 
column 1, line 58 -column 2, line 40 
column 10, line 30 -column 11, line 15 



1,9 



1,9 



1,9 



□ 



Further documents are listed in the continuation of box C. 



Patent family members are Dsted In annex. 



° Special categories of cited documents : 

-A" document defining the general state of the art which is not 

considered to be of particular relevance 
"E" earlier document but published on or after the international 

filing date 

"L" document which may throw doubts on priority claim(s) tor 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

■O" document referring to an oral Disclosure, use, exhibition or 
other means 

■p- document published prior to the international filing date but 
later than the priority date claimed 



T" later document published after the international filing date 
or priority date and not in conffict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

"Y* document of particular relevance; the claimed invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

"A* document member of the same patent family 



Date of the actual completion of the international search 

23 June 2003 



i mailing address of the ISA 

European Patent Office, P B. 5818 Patentlaan 2 
NL-2280HV Rijswijk 
Tel. (+31-70)340-2040, Tx. 31 651 epo nl. 
Fax (+31-70) 340-3016 



Date of mailing of the international search report 



1 a 07 2003 



Authorized officer 



FREDRIK WAHLIN/MN 



Form PCT/lSA/210 (second sheet) (July 1992) 



INTERNATIONAL SEARCH REPORT 


tnterr al Application No 

PCT/GB 03/01028 


Patent document 
cited in search report 


Publication 
date 


Patent family 
member(s) 


Publication 
date 



US 5953690 



14-09-1999 



AU 
WO 



3500697 A 
9800943 Al 



21-01-1998 
08-01-1998 



US 6157022 A 05-12-2000 JP 11205249 A 30-07-1999 



Form PCT/ISA/210 (patent famfly annex) (JUy 1992) 



